A growing body of evidence implicates inflammation in the development of diabetic nephropathy. We recently reported that diabetic endothelial nitric oxide synthase knockout (eNOS KO) mice develop advanced glomerular lesions resembling human diabetic nephropathy. Vascular endothelial growth factor (VEGF) is a major factor in diabetic nephropathy, and is known to be chemotactic for macrophages. Herein, we examined the association of VEGF with macrophage infiltration in experimental diabetic nephropathy. Glomerular macrophage infiltration was markedly increased in diabetic eNOS KO mice compared to diabetic C57BL/6 mice, and correlated with glomerular injury, such as mesangiolysis, glomerular microaneurysm and nodular lesions of glomerular sclerosis. An elevation of podocyte VEGF expression correlated with infiltration of Flt-1-positive macrophage in injured glomeruli in diabetic eNOS KO mice, suggesting that VEGF could contribute to macrophage migration. Neither renal nNOS nor iNOS expression was altered in both C57BL/6 and eNOS KO mice. To determine if lack of NO could affect VEGF activation of macrophages, we examined if exogenous NO can block macrophage migration induced by VEGF in in vitro studies. Exogenous NO blocked macrophage migration and hypertrophy in response to VEGF. NO mediated these effects in part by downregulating Flt-1 expression on the macrophage. In summary, NO negatively regulates VEGF-induced macrophage migration by inhibiting Flt-1 expression. The VEGF-endothelial NO uncoupling pathway might partially explain how VEGF causes glomerular disease in diabetes.
Infiltration of immune cells has been considered to be important in the development and progression of diabetic nephropathy. 1, 2 The macrophage is one of the central mediators of renal vascular inflammation, and its accumulation is a characteristic feature of diabetic nephropathy. [3] [4] [5] Macrophages have been shown to cause proteinuria and mesangial cell injury in experimental glomerulonephritis. 6 Macrophage infiltration also has an important role in mesangiolysis in patients with congestive heart failure, 7 which is a phenomenon observed in human advanced diabetic nephropathy. Although macrophage infiltration is therefore likely to be important in the development of diabetic nephropathy, to our knowledge no detailed molecular mechanisms for macrophage migration have been explored in diabetic nephropathy.
The diabetic condition, which includes high serum levels of glucose or advanced glycation end products, has been shown to induce intercellular adhesion molecule-1 (ICAM-1) and monocyte chemoattractant protein-1 (MCP-1) in the kidney. 8, 9 The important role of ICAM-1 on development of diabetic nephropathy was demonstrated using ICAM-1-deficient mice in which diabetes resulted in less glomerular injury with macrophage infiltration in kidney. 10 Similarly, MCP-1 expression is associated with macrophage infiltration in diabetic kidney. 3, 11 MCP-1 and ICAM-1 may coordinate to stimulate leukocyte chemotaxis and adhesion, respectively. 1, 2 Although MCP-1 and ICAM-1 are likely to be key factors in modulating the inflammatory response in diabetic renal disease, it also remains possible that other chemotactic factors may have contributory roles.
Vascular endothelial growth factor (VEGF) plays a major pathophysiological role in diabetic nephropathy, 12, 13 despite VEGF exhibiting protective roles in nondiabetic renal disease. 14, 15 Recently, Celletti et al 16 demonstrated that the deleterious effect of VEGF in the vascular system could be attributed to macrophage infiltration. We have recently reported that diabetic endothelial nitric oxide synthase (eNOS)-deficient mice develop advanced diabetic nephropathy, characterized by mesangial expansion, basement membrane thickening, mesangiolysis, glomerular microaneurysms and Kimmelstiel-Wilson-like nodules, all of which characterize human diabetic nephropathy. 17 Interestingly, these advanced lesions were accompanied with an increase in renal VEGF expression, suggesting that uncoupling of VEGF with endothelial NO could provoke severe glomerular lesions (reviewed in Nakagawa 18 ). Here, we examined the association of macrophage infiltration with VEGF in glomerular lesions of diabetic eNOS-deficient mice. Additionally, we further investigated a mechanism by which NO could potentially regulate macrophage migration in response to VEGF.
MATERIALS AND METHODS Materials
VEGF binds to VEGF receptor 1 (Flt-1) and VEGF receptor 2 (KDR). Plasmids with VEGF mutants that selectively bind to either KDR (KDR-sel) or Flt-1 (Flt-1-sel) were kindly provided by N Ferrara (Genentech Inc., South San Francisco, CA, USA). Other reagents included VEGF (R&D Systems Inc. Minneapolis, MN, USA), DETA NONOate (Sigma, St Louis, MO, USA), 31169, a specific inhibitor of p38 MAP kinase (Scios Sunnyvalley, CA, USA) 19 and Uo126, a specific inhibitor of ERK (New England Biolabs Inc., Beverly, MA, USA). Goat polyclonal antibody to VEGF (no. AF 564; R&D Systems Inc.), rabbit monoclonal antibodies to Flt-1 (no. 1303; Epitomics, Burlingame, CA, USA) and rabbit monoclonal antibodies to KDR (no. 2479; Cell Signaling Technology, Beverly, MA, USA), rat anti-mouse antibody (no. 479R; Serotec, Raleigh, NC, USA) for F4/80, mouse monoclonal antibody for CD68 (no. 955, Abcam, Cambridge, MA, USA), mouse monoclonal ICAM-1 antibody (no. AF796; R&D Systems Inc.) were used for immunofluorescence, immunohistochemistry and/or western blot. A monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody was purchased from Chemicon (Temecula, CA, USA). Peroxidase-conjugated rabbit IgG and mouse IgG (Dako, Carpinteria, CA, USA) were used. FITC-conjugated rabbit anti-goat IgG and goat anti-rabbit IgG, Texas Red-conjugated goat anti-rat IgG and Texas Red s -X phalloidin were from Invitrogen (Carlsbad, CA, USA).
Experimental Animals
Experiments were approved by the Animal Care and Use Committee of the University of Florida. C57Bl/6J (C57BL/6) and C57BL/6J-Nos3tm1Unc (eNOS knockout (KO) mice) (Jackson Laboratory, Bar Harbor, ME, USA) aged 8 weeks were rendered diabetic with intraperitoneal injections of streptozotocin (STZ, 100 mg per kg per day for 2 consecutive days) freshly dissolved in citrate buffer (pH 4.5). Development of diabetes (defined by blood glucose greater than 250 mg per 100 ml) was verified 1 week after the first STZ injection using the One Touch system (Johnson&Johnson, Milpitas, CA, USA). For blood sugar control, a single insulin pellet (Linshin Canada Inc., ON, Canada) was implanted subcutaneously for 3 months. Mice were housed in the animal care facility with 12 h light/dark cycle and allowed free access to food and water. Body weight was recorded monthly. At 3 months, mice were euthanized for histological analysis. Six groups, which were nondiabetic, diabetic and diabetes with insulin treatment in wild-type mice and eNOS KO mice (each group contains six mice), were examined. Systolic blood pressure was assessed as the mean value of three consecutive measurements obtained in the morning using a tail-cuff sphygmomanometer (Visitech BP2000; Visitech Systems Inc., Apex, NC, USA). BUN was measured by BUN assay (Diagnostic Chemicals Limited, PE, Canada).
Renal Histology and Immunohistochemistry
Kidneys were fixed in 10% formalin solution or Fekete's fixative (70 ml of 100% ethanol, 30 ml of distilled water, 10 ml of 37% formalin, 5 ml of glacial acetic acid), and embedded in paraffin. Alternatively, kidneys were frozen in OCT compound (Sakura Finetek USA Inc., Torrance, CA, USA) and kept frozen at À801C until use. Sections (2 mm) were stained with the periodic acid-Schiff reagent and counterstained with hematoxylin. Percent numbers of injured glomeruli (mesangiolysis, mesangial expansion and nodular lesions) in the kidney in each group of control mice and diabetic mice was quantified by two independent investigators. Indirect immunoperoxidase staining was performed using antibodies to VEGF, Flt-1, KDR and F4/80. Immunostaining for CD68 was performed on frozen kidney. Color was developed using diaminobenzidine as a chromogen. Macrophage infiltration was quantified by two independent investigators on the 30 glomeruli per each slide under a microscope at Â 400 magnification. As macrophage formed clusters in which it is hard to identify a number of cells, staining area was revealed as percent positive area for F4/80 or CD68. Glomerular VEGF and ICAM-1 expressions were measured as percent positive area in glomerulus with 50 glomeruli per animals. For the double immunofluorescence staining with VEGF receptors (VEGFRs; Flt-1 and KDR) and macrophages, 4-mm sections of frozen kidney were fixed in acetone. The sections were first stained with antibodies to VEGFRs (Flt-1 or KDR), followed by incubation with FITCconjugated secondary antibodies (anti-goat IgG or antirabbit IgG). They were then incubated with a monoclonal rat anti-mouse monocyte-macrophage marker F4/80, followed by incubation with Texas Red-conjugated goat anti-rat IgG. All of the sections were covered with Vectashield s with DAPI (Vector Laboratories Inc., Burlingame, CA, USA) and were examined by epifluorescence microscopy using the Axiovert 200 M (Carl Zeiss, Jena, Germany).
Cell Culture
Rat glomerular endothelial cells (GECs) were used as positive control for VEGFRs, and were kindly provided by S Adler (New York Medical College, Valhalla, NY, USA). A mouse macrophage cell line (RAW 264.7; ATCC, Manassas, VA, USA) was cultured in DMEM, containing 10% fetal bovine serum (FBS) and 100 units per ml penicillin, 100 mg/ml streptomycin (Gibco Brl, Gaithersburg, MD, USA). Subconfluent macrophages were incubated in serum-free medium for 16 h to arrest and synchronize cell growth. After this period, the medium was changed to fresh serum-free DMEM containing 10 ng/ml VEGF and 10 À4 M DETA NONOate for up to 24 h. This concentration of DETA NONOate has been proven to reveal no toxicity on macrophage. 16 All experiments were repeated at least three times.
Selective Stimulation of KDR and Flt-1 Transient transfection of the expression vectors for KDR-sel, Flt-1-sel and VEGF were performed in NRK cells (ATCC) using 2.0 mg of DNA with the Lipofectamine Plustm Reagent kit (Gibco Brl, Grand Island, NY, USA). Cells were maintained in DMEM with 10% serum for 24 h after transfection. VEGF concentration in culture media of NRK cells was examined with the human VEGF ELISA kit (R&D Systems Inc.). Then, RAW-264.7 cells were stimulated with NRK culture media containing 1 ng/ml KDR-sel, Flt-1-sel or VEGF.
Cell Migration Assay
The migration of macrophages was assayed by a modification of the Boyden chamber method using Transwell chambers (Costar, Cambridge, MA, USA) with pores of 5.0-mm diameter. Aliquots of 1.0 Â 10 5 cells per ml in DMEM medium containing 10% FBS (100 ml) were placed in the upper chamber. Then, 600 ml of DMEM medium containing 10% FBS and VEGF (10 ng/ml), KDR-sel (10 ng/ml), Flt-1-sel (10 ng/ml), DETA NONOate (10 À4 M), 31169 (10 À5 M) and/or Uo126 (10 À5 M) was placed in the lower chamber. A cellulose acetate membrane filter was interposed between the two chambers. The chambers were kept in a humidified atmosphere of 5% CO 2 at 371C for 2 h. Filters were subsequently fixed with methanol and stained with hematoxylin. The number of cells that migrated into the filter and completely reached the lower side was determined microscopically. All assays were performed in replicate four times. The migration activity was blindly quantified by counting of the migrated cells on the lower surface of the membrane of 16 fields per chamber.
Cell Hypertrophy
After preincubation with DMEM containing 10% FCS at 37 1C for 2 h, macrophage were stimulated with DETA NONOate (10 À4 M), VEGF (10 ng/ml), Flt-1-sel (10 ng/ml) and/or KDR-sel (10 ng/ml) for 30 min. In some experiments, cells were pretreated with 31169 (10 À5 M) or Uo126 (10 À5 M) prior to stimulations. Cells were fixed with 3.7% formaldehyde and permeabilized with 0.1% Triton X-100 in PBS before nonspecific binding sites were blocked with 1% BSA and 10% skim milk in PBS. Using detection of F-actin with Texas Red s -X phalloidin, cell size was analyzed with AxioVision Rel. 4.4 software (Carl Zeiss).
Real-Time PCR
To quantify mRNA expression for VEGF, Flt-1, KDR, nNOS and inducible NO synthase (iNOS), we performed real-time PCR as described previously. 17 Briefly, after 1 mg of total RNA was converted to cDNA with iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA), PCR was performed as follows: 941C for 5 min, then 50 cycles of denaturation at 941C for 30 s, annealing at 641C for 30 s and extension at 721C for 60 s. The sizes of amplicons were 189 bp (mouse iNOS and mouse nNOS), 111 bp (mouse VEGF), 115 bp (mouse Flt-1), 115 bp (mouse KDR) and 54 bp (mouse GAPDH) ( Table 1) . Specificity of amplification and absence of primer dimer was confirmed by melting curve analysis at the end of each run. Reaction specificity was also confirmed by electrophoretic analysis of products in 2% agarose gel after real-time RT-PCR to check if bands of expected size were detected. Ratios to GAPDH mRNA were calculated for each sample and expressed as mean ± s.d. All experiments were repeated at least three times.
Western Blot Analysis
As described previously, 20 20 mg of cell protein samples were mixed with sample buffer (Sigma), boiled, resolved on 7.5% Tris-HCl Ready Gel (Bio-Rad), and transferred to PVDF membranes by electroblotting. Membranes were blocked with 5% (wt/vol) dry fat-free milk in PBS with 0.1% Tween (TBST) for 60 min at room temperature. Each primary antibody was incubated at 41C overnight. After washing with PBST, membrane was rocked with secondary antibody (anti-mouse IgG or anti-rabbit IgG, HRP-linked antibody) for 60 min at room temperature. The blot was then developed using the ECL Plus detection kit (Amersham International, Bucks, UK) to produce a chemiluminescence signal, which was captured on X-ray film. The density of each band was measured using FluoChem (Alpha Innotech, San Leandro, CA, USA). All experiments were repeated at least three times.
Statistical Analysis
All values presented are expressed as mean±s.d. Statistical analysis was performed with unpaired, two-tailed Student's t-tests for single comparisons or ANOVA for multiple comparisons. A P-value of o0.05 was considered significantly different. Table 2 , STZ injection induced diabetes in both C57BL/6 and eNOS KO mice. Loss of body weight occurred in all diabetic mice, compatible with previous reports. 21 Systolic blood pressure was higher in eNOS KO mice compared to C57BL/6 under either nondiabetic or diabetic condition although diabetes raised systolic blood pressure in both mice. In addition, diabetes-induced renal dysfunction was striking in eNOS KO mice compared to C57BL/6. However, insulin treatment controlled blood glucose for 3 months and prevented these abnormalities induced by diabetic condition.
RESULTS

As shown in
The Association of Glomerular Injuries with Macrophage Infiltration in Diabetic eNOS Knockout Mice
As shown in Figure 1a , diabetic eNOS KO mice developed a variety of glomerular injuries, such as mesangial expansion (b), mesangiolysis (c), glomerular microaneurysm (d) and nodular glomerulosclerosis (e), all of which resemble human diabetic nephropathy. 22, 23 Glomerular injury was significantly greater (15% of glomeruli) in diabetic eNOS KO mice compared to diabetic C57BL/6 mice (5% of glomeruli) (Figure 2a ). Insulin treatment blocked glomerular injury in wild-type as well as in eNOS KO mice. Although F4/80 macrophages were predominantly observed in the tubulointerstitium in the diabetic condition, a small number of these cells also were present in glomeruli. On the other hand, CD68 macrophages were predominantly present in glomeruli. Interestingly, both CD68 and F4/80 macrophage infiltration in glomeruli were significantly increased in diabetic eNOS KO mice compared to diabetic wild-type mice. The macrophage infiltration was blocked by insulin treatment in both types of mice (Figure 2b and c) . In addition, other markers of inflammation, such as ICAM-1, were also induced by the diabetic condition, and were prevented by insulin treatment (Figure 2d ). Uncoupling of VEGF with NO in macrophage W Sato et al
VEGF and VEGFRs are Associated with Macrophage Infiltration in Diabetic eNOS Knockout Mice
As VEGF plays a pathophysiological role in diabetic nephropathy, and has also been shown to mediate macrophage infiltration in other conditions, we determined if VEGF was associated with macrophage infiltration. VEGF mRNA expression in whole kidney was induced in diabetes in C57BL/6 as well as in eNOS KO mice ( Figure 3A ). Diabetic glomeruli quantitatively had increased VEGF protein expression, which was also inhibited by insulin treatment ( Figure 3B ). Interestingly, VEGF protein was restricted to glomerular podocytes in both diabetic C57BL/6 and diabetic eNOS KO mice and expression was maintained even in severely injured glomeruli ( Figure 3C ). To identify if intraglomerular macrophages express VEGFRs, double immunostaining for F4/80 and VEGFRs was performed in diabetic eNOS KO mice. Interestingly, some F4/80-positive macrophages expressed Flt-1 in both the glomeruli ( Figure 3D ). Furthermore, we examined the correlation between macrophage infiltration and VEGF expression in glomeruli in both types of mice. Both F4/80-and CD68-positive macrophages were positively associated with glomerular VEGF expression ( Figure 3D-F) . Interestingly, the VEGF association was stronger with only eNOS KO mice for both F4/80 (R 2 ¼ 0.80) and CD68 (R 2 ¼ 0.83).
The Renal Expression of iNOS and nNOS in Diabetic eNOS Knockout Mice
PCR demonstrated that mouse kidney expressed both iNOS and nNOS (Figure 4 ). Quantitative analysis with real-time PCR revealed that there was no different in iNOS or nNOS expression in C57BL/6 and eNOS KO mice. Likewise, no differences in expression were observed in wild-type vs eNOS KO mice in the diabetic condition (Figure 4b and c). These data indicated that nNOS and iNOS expressions are unlikely to explain the differences in macrophage infiltration observed between eNOS KO and wild-type diabetic mice.
Macrophage Phenotype
We next examined the expression of VEGFRs and NOS in a macrophage cell line (RAW 264.7). Although both Flt-1 and KDR mRNA expressions were detected, Flt-1 was predominant in this cell (Figure 5a ). Compatibly, macrophages expressed abundant Flt-1 protein similar to that observed in GECs. On the other hand KDR protein could not be detected (Figure 5b ). With respect to NOS expression, the macrophage cell line did not possess eNOS (Figure 5c ), but expressed iNOS (Figure 5d ) that was neither activated nor upregulated by VEGF (data not shown), suggesting that macrophages did not produce NO in response to VEGF.
Macrophage Migration is Induced by VEGF and Inhibited by NO
We next examined if exogenous NO could prevent macrophage migration in response to VEGF. Macrophage migration was induced by 10 ng/ml VEGF and inhibited by 10 À4 M NONOate at 2 h ( Figure 6A ). VEGF induced macrophage migration in a dose-dependent manner ( Figure 6B ) whereas NONOate inhibited it in a dose-dependent manner ( Figure 6C ). Importantly, macrophage migration in response to VEGF was significantly blocked by the exogenous NO donor ( Figure 6D) .
Cell migration is a complex phenomenon that requires cytoskeleton-regulated cell motility and cell adhesion, and actin reorganization is essential for cell motility. Therefore, we examined the effect of exogenous NO on cell spreading as revealed by cell size in response to VEGF. VEGF-induced cell hypertrophy was also blocked in the presence of NO ( Figure 6E ).
Flt-1 is Responsible for VEGF-Induced Macrophage Migration
To identify the role of VEGFRs on macrophage migration, cells were stimulated by two kinds of VEGF mutants, one that selectively binds to Flt-1 (Flt1-sel) and the other that is specific for KDR (KDR-sel). 24 As shown in Figure 7 , Flt1-sel VEGF significantly induced macrophage migration and was equivalent to that observed with VEGF whereas migration number with KDR-sel VEGF had no effect (Figure 7a ). Similarly, cell size was increased with stimulation by Flt-1-sel VEGF, but not with the KDR-sel VEGF mutant (Figure 7b) .
The level of Flt-1 expression peaked at 2 h after stimulation with VEGF (Figure 7c ) whereas KDR expression was not stimulated by VEGF (data not shown). Interestingly, exogenous NO negatively downregulated Flt-1 protein expression at 2 h (Figure 7d and e) and Flt-1 mRNA expression at 30 min (Figure 7f ).
Flt-1-Mediated Macrophage Migration is Dependent on p38 MAP Kinase
Macrophage migration in response to VEGF was blocked by 31169 (a specific inhibitor of p38 MAP kinase), but not by Uo126 (a specific inhibitor of ERK) (Figure 8a) . Similarly, VEGF-induced cell hypertrophy was blocked by the p38 inhibitor (Figure 8b ).
DISCUSSION
Diabetic nephropathy remains the most common cause of end-stage renal disease worldwide. Experimental animal models that resemble human diabetic nephropathy have been lacking. 25 Recently our group 17 and others 26 have shown that a form of diabetes that can rapidly induce all of the stages of human diabetic nephropathy occurs in genetically altered mice with severe endothelial dysfunction owing to lack of eNOS. This model therefore provides a unique ability to evaluate mechanisms of renal injury that may be applicable to the human diabetic condition.
In this paper we have evaluated the role of endothelial dysfunction in the inflammatory component of diabetic nephropathy. Although diabetic nephropathy is not often considered an inflammatory disease, 1 there is strong evidence that macrophage infiltration not only is increased but may have a role in mediating local injury (mesangiolysis) and fibrosis. [3] [4] [5] 7 Our hypothesis was that a state of endothelial dysfunction might result in greater macrophage infiltration or activation. In this regard, we obtained several important new findings. First, we demonstrated that macrophage infiltration was greater in eNOS KO vs wild-type diabetic mice. Second, there is a positive correlation between VEGF expression and macrophage infiltration in glomeruli in these models. We also found that a decrease in VEGF expression in response to insulin was associated with a reduction of macrophage infiltration in glomerulus. Third, we provide evidence that the accumulation of macrophages might result in part from response to an increased expression of VEGF in podocytes. This assertion is supported by the evidence that the macrophages express Flt-1 in association with podocyte expression of VEGF. Furthermore, our in vitro study demonstrated that VEGF or the Flt-1-sel VEGF mutant could stimulate macrophage infiltration and hypertrophy in vitro. Most importantly, we demonstrated that the mechanism by which NO can negatively regulate VEGF-induced macrophage infiltration is by reducing Flt-1 expression. Thus, these studies suggest that severe endothelial dysfunction and a poor endothelial NO response can lead to greater VEGF-mediated macrophage infiltration and activation. In the setting where VEGF and endothelial NO are uncoupled, 
CD68 M∅ in Glomeruli
% ICAM-1 expression in Glomeruli * , * , * * * * * , * , * * * * * * * * * , * , * * * * * * * * * * * * * * * Figure 2 Quantification of glomerular injury, macrophage infiltration and ICAM-1 expression in glomerulus. (a) Glomerular injury in diabetic C57BL/6 and eNOS knockout (KO) mice at 3 months. The graph summarizes of the percent of injured glomeruli, including mesangial expansion, mesangiolysis, glomerular microaneurysm and nodular lesions in C57BL/6 diabetic mice and diabetic eNOS KO mice. Diabetic condition (DM) causes glomerular injury in both types of mice whereas eNOS KO mice exhibit severe injuries. Insulin treatment (DM þ Ins) blocked diabetes-induced glomerular injury. (b) Glomerular F4/80 macrophage infiltration in diabetic eNOS KO and wild-type mice as revealed by percent positive staining in glomerulus. Although diabetes significantly induces F4/80 macrophage infiltration, eNOS KO mice exhibit more increased infiltration. (c) Glomerular CD68 macrophage infiltration in diabetic eNOS KO and wild-type mice as revealed by percent positive staining in glomerulus. CD68 macrophage is infiltrated into glomerulus in diabetic condition, but eNOS deficiency enhanced CD68 macrophage infiltration. However, it was blocked by insulin treatment. (d) Glomerular ICAM-1 expression is also induced by diabetic condition, and this increase is prevented by insulin treatment. *Po0.01 vs wild-type in the same diabetic condition. **Po0.01 vs nondiabetes or DM þ Ins treatment in the same specie. Uncoupling of VEGF with NO in macrophage W Sato et al macrophage-mediated glomerular injury and fibrosis may become more severe. One could argue that blocking VEGF is a way to test our hypothesis. However, blocking VEGF completely may inhibit normal kidney function. In fact, several groups have demonstrated that a major adverse effect of VEGF inhibition is renal injury. 27 Given these facts, we chose to test our hypothesis by insulin treatment, which can reduce VEGF expression. As shown in Figure 3 , insulin treatment blocked the induction of VEGF expression in the whole kidney as well as in the glomerulus. Importantly, insulin treatment blocked the macrophage infiltration (Figures 1b, 2b and c) and glomerular injury in both wild-type and eNOS KO mice (Figure 2a) . Furthermore, glomerular VEGF expression was positively correlated with glomerular macrophage infiltration ( Figure 3D and F) . These data suggest that the macrophage infiltration is tightly linked with VEGF expression in this model.
Although it has been already reported that Flt-1 is associated with VEGF-induced macrophage migration, 28 its precise molecular mechanism is still unknown. In this study, we found that VEGF upregulates macrophage Flt-1 expression. We also found that Flt-1 mediates an increase in cell size, which is essential for macrophage migration. These data suggest that the upregulation of Flt-1 could be crucial for VEGF-induced macrophage migration. In addition, although we demonstrated a role of p38 on VEGF-mediated macrophage migration, other groups also reported that the endothelial cell utilizes this pathway. 29, 30 Therefore, the p38 pathway could be critical for cell migration in response to VEGF in various several cell types.
We identified two phenotypically different macrophage populations in this model. Compatible with previous reports, CD68 macrophages were the dominant infiltrating macrophage within the glomerulus. F4/80 macrophages dominated in the tubulointerstitium, but in the diabetic condition these were also present in small numbers in glomeruli. Harris's group has also documented differing macrophage phenotypes. For example, his group demonstrated that one phenotype of macrophage is associated with proinflammatory Uncoupling of VEGF with NO in macrophage W Sato et al stimuli, such as interferon-g or tumor necrosis factor-a, whereas exposure to IL-4 and IL-13 results in an alternative activation of macrophage in renal inflammation. 31 Chow et al 11 have shown that CD68 macrophages are composed of two phenotypes regarding CD169 and iNOS expressions.
Hence, macrophages could have diverse effects that can be accounted for by their phenotype.
Endothelium-derived NO may have an important role in negatively regulating macrophage migration. Some studies have reported that an administration of L-arginine, which is a * * * * * * * * * * * * * * * * * * * * * Uncoupling of VEGF with NO in macrophage W Sato et al substrate for NOS to produce NO, attenuates macrophage infiltration in renal disease. 32 On the other hand, NO inhibition by genetic or pharmaceutical maneuvers can accelerate renal injury and stimulate immune cell infiltration, including the induction of adhesion molecules on endothelial cell, [33] [34] [35] suggesting an anti-inflammatory role of NO. In this study, we showed that Flt-1 expression on macrophage was positively regulated by VEGF, but negatively by NO. Similarly, we have recently shown that VEGF upregulates the expression of VEGFRs in absence of NO in the endothelial cell. 20 Thus, negative regulation of VEGFRs by NO could be a key mechanism to maintain vascular integrity and macrophage migration under VEGF stimulation. 18 Our findings that NO negatively regulated the cell spreading response in macrophages in response to VEGF are also compatible with previous studies that have shown that NO could inhibit actin polymerization in response to VEGF on neutrophils. 36 In summary, VEGF activates macrophage migration by Flt-1. NO can modulate the macrophage response to VEGF. Thus, we propose that conditions associated with marked endothelial dysfunction and low NO levels could favor 
